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Copep:xxkanue

1. IlousiTHe 0 MOAEJISAX, KOMIbIOTEPHOM
moaeaupoBanuu, CAD, CAE. 9Tanbl KOHE4YHO-
1eMeHTHOro anajausa (FEA).

2. duzMko-MareMaTu4eckue oCHOBbI MeTo/a
Koneunnix DiaementoB (MKJ) . MaTrpuuHoe
npeacrasjaenue. CucremMa npy:xuH. 3amMedaHue 0
TePMHUHAX.

3. IIpeumyiecTBa KOHEYHO-3JIEMEHTHOI0 AaHAJIN3A.
3amMeuyaHusa o BbIOOpe (pU3MYEeCKON MOIEIH.

4. HepocTarku M morpemrHocTa meroga. OueHka
TOYHOCTH PACUYeToB.

5. [lononnenue. Iloocomoeka ucxooOnvlx OAHHBIX 05
peuterusi memooom K3



OCHOBbI KOMMBTEPHOro MOAENNPOBAHMUSI.

B npouecce no3HaHus pearnbHbil 00BbEKT O 3aMeHsIeTCH
HEKOTOPbIM APYrMM uaearnbHbIM, BOODpaXxaemMbiM UM
MaTepuaribHbiM OObEKTOM , HECYLLMM N3yYyaeMble YepThl
nccnegyemoro obvekra O, n HasbiBaemMbiM Moaenso M.

Mooenb M — 3T0 3amectuTtenb opuauHana- O,
NO3BOSIAOLLNN U3YHYUTb HEKOTOPbLIE Er0 CBOUCTBA B
onpenerieHHbIX YCroBUAX
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MaTtemaTunydeckoe u
KOMMNbOTEpHOEe MoaenupoBaHue

ObsekT

[Iporpamma Anropurm

Camapcreuin A A, Muxannos A.Il. Maremarnueckoe MomelHMpoBa-

Hue: Mnen. Metonsl. IIpumepsr. — 2-e mag., menop. — M. dwsaaranr, 2001, —
320 c. ISBN 5-9221-0120-X.



JdTanbl KOMILIOTEPHOI0 MOACJIHMPOBAHUS
. IlocTaHoBKa 3agaun
. Pa3zpa0borka moaeun

. TectupoBanme — (Bepudukaiiys) IpoBepKka pe3yJbTaToB MOISIN
Ha OTPAaHUYEHHOM MAaCCHBE HUCXOAHBIX JaHHBIX, MO0 CpaBHECHHUE
PE3yIBTaTOB MOACITUPOBAHUS C W3BECTHBIM PE3YJIBTATOM (H.II. C
AHATTATUYECKUM PEIICHUEM ).

. IkcnepumMenT. Ilocne Bepudukaum MoJIeIu MPOBOAUTCS CEPUS
YHCJICHHBIX SKCIIEPUMEHTOB, W 110 UX 3aBEPIICHUH CJICTYIOIINN
sTan — BaJuaanys. Banuaanus — 3To Iponecc KOJIMYeCTBEHHOM
OLICHKH CTEIEHU OJIM30CTHU MEXIY pe3yJibTaTaMUd MOACIUPOBAHUS
1 HAOJIIOJICHU B HEKOTOPOM JHaNa30HE YCIOBUH.

. AHAJIU3 pe3yJIbTATOB.



B npakTtuke pa3paboTKu HOBbIX TEXHUYECKNX
YCTPOUCTB (MOOEeNUpPOBaHUN) NCMOSb3YEeTCH
komobuHauua CAD /CAE

Fhase |

today

Problem Sketch by hand CAD Rapid I'rotoryping /

FTATEITENL Validatinn
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Computer-Aided Desigh — Cucrema
aBTOMaTu3npoBaHHoro npoektuposaHuga (CAIP)

CAE (aHrn. Computer-aided engineering) — obuiee
Ha3BaHWe On4 nporpaMmm 1 NPorpaMmMHbIX NaKkeToB,
npeaHa3Ha4YeHHbIX AN peLlleHnst pasnuyHbIX MHXEHEPHbIX
3ajad. pacye€ToB, aHannasa u cumynsaummn don3ndecKmnx
npoueccos (Hanpumep ANSYS).



ANSYS aBnaeTca nakeTom KOHEeYHO-3/1IeMEeHTHOro
YMUC/IEHHOIO MOAENNPOBAHUA LUMPOKOTO CNeKTpa
NHXEeHEePHO-OU3NYECKUX 3a4a4. K Taknm 3aaavam
OTHOCATCA: CTaTUYECKNIN/ ANHAMNYECKNIA CTPYKTYPHbIM
aHanu3 (Kak JIMHEWHbIN, TaK N HEJIMHEWHDbIN), Nepeaaya
Tensaa u ABUXEHUA XKUAKOCTbIO, @ TaKXKe aKyCTUYeCcKne u
3/1IEKTPOMATrHUTHbIE 3a4a4M.



PacuéTHas yacth maketoB CAE oCHOBaHa Ha YMCIICHHBIX
METOAaX peneHus TuPhepeHINAIBHBIX YPABHEHUN (METO/T
KOHEYHBIX 3JIEMEHTOB, METOJI KOHEUHBIX 00BEMOB, METO/
KOHEUHBIX Pa3HOCTEN U Ap.). PacueThl MO3BOISIOT
IIPOBECTU ONTUMHU3AIUU KOHCTPYKIIUHU, HO PEUIAIONIEE
CJIOBO 3a SKCIIEPHMEHTOM.

T

Fhase 2

Desizn Cpiimization Optimium solution Rapid Prmintyping /
Valid ation
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TEXHNYECKOro yCTpoucTBa co3gaHa U 3anucaHbl
ynpasnawLwine ypaBHeHNS BMECTe C Ha4valribHbIMU U

rPaHnN4HbliM YCIMOBUAMM.

Many engineering phenomena can be expressed by
“governing equations” and “boundary conditions”

Elastic problems Governing Equation

(Differential equation)

Thermal problems L(g)+ f =0
Fluid flow Z:>

Electrostatics Boundary Conditions

ste B(g)+g=0



Pa3paboTka anroputmMma BKN4YaeT BbIOOp
YMCNEHHOro MeTo4a peLleHna KpaeBoun 3adadn.

@ Element Method) MeToa KOHEYHbIX

Boundary Element Method

<Finite Difference Method (ZD

Finite Volume Method

Meshless Method

CI'IeKTpaJ'IbeIe METOAbI

anemeHToB (1) B
nporpamMmmHoOu peanusaunm
CITOXXHee MmeToaa
KOHEYHbIX pa3HoCcTeu (2).

MK3 n3BecTeH AaBHO, HO
LLIMPOKOE MpakTU4ecKkoe
NPUMEHEHME NOony4dunn
TONbKO C NOSABNEHNEM
NOCTAaTOYHO MOLLUHbIX
KOMMNbIOTEPOB.



YrpoiieHne 00bEeKT
MOJICJTUPOBAHUS
HEIIPEPHIBHBIA B HEM
HEOIPAHUYECHHOE
YUCJIO YacTeHn

Oo0m1acThb
UHTETPUPOBAHUS
JEJUTCS Ha MEJIKUE
«DJIEMEHTHD) TIE
YIJIOBBIE TOYKHU
Ka)KIIOTO DJIEMEHTA
«Y3JIBD».

DJIEMEHTHI (KOHEYHOE YHCIIO)



B MeTo/1e KOHEUHBIX 3JIEMEHTOB, Y3€JI ABJIAETCA ONPEACIICHHOW TOYKOMU , TJIE
SIBHBIM 00pa30M pacCUMTHIBACTCS 3HAYCHUS Ul HEKOTOPOU HEIPEePHIBHOM
IepeMEHHOU U (X,Y).

Y3iw1 (N0des)

l

|

Stress

Displacement Hanpsixenue u

nedpopmanms

—
—— | Strain




KoHeuHbIe 371eMEHTHI JJIs pacueTa oO0Iel IUPKYISALIUN OKeaHa

[MaBHoe npeumywectso MKO, nposiBnseTcsa B 3agadax ¢ NpoOn3BOSfibHOMN
doopmon obnactu YncreHHbix pewweHnt. Cetky MKO moxHo caenatb bonee
penKkon B TeX MecTtax, rge ocobast TOHHOCTb HE HYXXHa.



[Tpouecc KOHEeUHO-
aNeMeHTHOro aHanusa
Finite element analysis
(FEA)

h

MartemaTuyeckana Moaenb
3ajaeTcH
AnchchepeHynansHeIMK
YpaBHEeHWAMN C
npeAnonoXKeHUemM o:
MeomeTpun;

KuHemaruke; <3
CeoicTBax 1 3aKoHax cpeabl;
Harpyzskax;

[paHWYHbIX YCNOBUAX U T A4,

8-

Puanyeckan 3agava -~ | Y3mennTb

chrusnyeckyo
3agaqy

Y yqwinTb
MaTemMaTUYeCKylo ﬁ
MOAenNb

KoHeuHo-3nemeHTHOE
peleHe MaTemMaTnyecKou
rMogenu. PelleHne MoxXHoO
OCYLWEeCTEBNATE NAKETOM
nporpamm Tuna ANSY S

KoHeyHo-3anemeHTHOE pelleHne
conpoBoxaaeTcH Bolibopom:
KoHeYHbIX 3NemMeHTOoB; <:|
[MNoTHOCTW CeTKMK;
MapameTpoB peleHus.
MpeacTaBneHne: HanpPAXKEeHNA,
nepemMeLeHiA 1 T4,

MepeonpeaennTtb
ceTKy, NapameTpbl
peleHns

OHEHHE TOYHOCTH KOHEeYHO-3NEeMEHTHOID

peleHUA MaTemMaTuyecKon MOOEeNn

-

WHTepnpeTayua pesynbTaTos |

YCDEEPLIJEHCTEDEETI:
aHanuz:

| ! PaspaboTatb ynydweHns
CTpyKTypHas onTUMH3aLua




B xommepueckux maketax CAE peanuzanusas MKD oObIdHO
IIPOU3BOUTCS B TPH dTala

User Preprocess Build a FE model

. 4

Computer Process Conduct numerical analysis

¢

User POSth‘OCESS See results




Kak npaBuJio, KOHEYHO-3JIEMEHTHOE pPellleHre MOKeT ObITh Pa30MTO Ha cieaylolue
TPH 3Tana.
Preprocessing. Oto npenBapuTeilbHas 00pab0oTKa BXOIHBIX JaHHBIX M YCIOBUN 3a/1a4H;
OcCHOBHBIE IIary B MPEIBApUTEIHLHON 00pabOTKe MPUBEACHBI HUXKE:
1. Define keypoints /lines/areas/volumes
2. Define element type and material/geometric properties
3. Mesh lines/areas/volumes. TpeOyeMoe KoJIMYeCTBO ACTaliek OyACT 3aBUCETh OT
pasMmepHocTu aHanm3a (T.e. 1D, 2D, oce-cummerpuunsiii, 3D).
4. Onpeoensiem naepysku (10ads). Hanpumep, mouxy npunodicenus cuivl 1ubo
oaejieHue Ha 6Ct0 NOBEPXHOCMb.
5. 3aoaem oepanuuenus (constraints). Hanpumep na osudicenue u spawjenue
OMOENbHBLX INEMEHMO8.
Solution: [Taker CAE pemaer pe3yJbTHPYOIIHA HA00P YpaBHEHMIA.
Postprocessing; Ha 3TOM 3Tare MOXXHO IIOCMOTPETh:
Tabnuiy nepeMelnieHuii B y3iax
MOMEHT U CHJIBI B DIIEMEHTaX
['pacdrku OTKIOHEHUI
KonTypHbIE TUarpaMMbl HAMPSHKECHUH U T. 1.



1. IloHsiTHE 0 KOHEYHO-3JIEMEHTHOM aHAJIHU3eE.

2. Ou3nKo-MaTeMaTuyecKkue ocCHOBbI MeToaa
Koneunbix JjemenToB (MKD). MarpuuHoe
npeacrasjaenue. Illpyxuna. Cucrema aByx
npy:xuH. I paHu4HbIE yCJI0BHA. 3aMedYaHue 0
TePMHUHE KMATPHIIA KECTKOCTI.

3. IlpeumyniecTrBa KOHEYHO-3JIEMEHTHOI'O
aHaJIn3a. 3aMedaHus 0 BbIOOpe (pu3nuecKou
MO/ EeJIN.

4. HepocTaTKy M MOTrPEIIHOCTH METO/A.
Ol1eHKa TOYHOCTH PACYETOB.



2. KOHe4YHO-3nMnemMeHTHbIN aHann3 oCHOBaH Ha meTtope
KOHe4YHbIX anemeHToB (MKJ):

1. MKD ucnonbs3yer KyCOYHO-HENPEPHIBHYIO TTOJMHOMHUAIBLHYIO
MHTEPHONALMI0. COETUHASA IIEMEHTBI BMECTE Mbl KYCOYHO-
HENPEPBIBHBIM 00Pa30M MHTEPIIOIUPYEM HCKOMOE I10JI€ HEKOTOPOM

MIEPEMEHHOU U Ha BCIO CTPYKTYPY MOJEIIH.

2. B y3max nojiyyaeM COBMECTHYIO CUCTEMY JIMHEMHBIX
anreopandyeckux ypaBHeHuit (CJIAY).

o . Kx=F
[K] {“} — {F} K: Stiffness matrix
/ \ x: Displacement K
Property Action F: Load

Behavior @ | X
F
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(a) Linear spring element with nodes,
nodal displacements, and nodal forces.

JluneliHas ynpyras npyxuHa (SPring) — MeXaHu4ecKoe yCTPOMCTBO
KOTOPOE COMPOTHUBIIIECTCS TOJIBKO OCEBOM HArpy3Ke, U €€ yIIHHEHNE
WJIM COKPAILIEHUE MPAMO MPONOPIMOHAIIBHO MPUJIIOKEHHON O0CEBOU
Harpyske f.

KoHcTanTa nponopiroHaAIFHOCTH MEXKIY OTKIOHSHHEM & M Harpy3Kou
MMEHYETCS KaK KOHCTAaHTa IPY>KUHBI, )KECTKOCTh TN KO3 PUITHCHT
»KECTKOCTH MPY>KUHBI K 1 BBIpa)kaeTCs B €IUHMIIAX CUIIBI Ha CIHHHMITY
IUTHHBI,
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[IoCKOIBKY yIpyras npy>kKMHa BbIJIEPKUBAET TOJIBKO OCEBBIC
Harpy3Ku, TO Mbl BLIOEPEM CHUCTEMY KOOPJHMHAT dJIEMEHTA
(JIOKaJIbHYIO CUCTEMY KOOPJIMHAT) B KAYE€CTBE OCH X,
OpPUEHTHPOBAHHOM MO JJIWHE MPYKUHbBI, KaK MOKa3aHO Ha
PHCYHKE.

[Ipennonoxum, 4To epeMelIeHrs y3J10B paBHBI HYIIO, KOI/Ia
npyXKuHa He Je(OpMHUpPOBaHA.



Torga npu IpUIIOKEHUN HArPy30K PE3YILTHPYIOIICE OTKIIOHEHUE
(deflection) paBno

o= U2 - U1,

Force, [

L.
r

|
1 2 ]

fs X Deflection, 8 = u; — u

L ]
—
L
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® (b)

(a) Linear spring element with nodes, nodal displacements, and nodal forces.
(b) Load-deflection curve,

Torga pe3ynbsTHpyIOIIas CHIa BAOIb OCH IPYKUHEI
f =ko =k(U2—u1)

IIpu paBHOBECHUM CUIIBI
fi +f2 =0 wmm f1 =—£,




B TepMuBHax cui NpUiI0KEHHBIX B y3iax 1 u 2

Si = —k(uy — uy)
Jr = k(uy — uy)

ITO MOXET OBITh BBIPAKEHO B MATPUYHON (hOpME

K
—K

—K
k

Marpuna xKeCTKOCTH
IIPY>KUHBI

[K]{u;={F}



[K[{uj={F}

YpaBHEHHME MTOKA3BIBACT, YTO MATPUIIA KECTKOCTH
JTMHEHWHOMN MPY>KUHBI UMEET pa3zMephl 2 X 2.

Kpome Toro moiaydeHHas Marpuia CAMMETPUYHA. DTO
SABJISETCS CIEICTBUEM CUMMETPUH CHUJI (paBHBI U
IPOTHUBOIIOJIOKHBI JIJISI 00ECIICUeHHSI PABHOBECHS ).

Kak pe3ynbprar 1eTepMHUHAHT MaTPUIIbl PABEH HYIIIO
(det[K]=0) 1 mosromy Mmarpuma K He oOparuma.

Takas 3a7a4ya HE IMEET PEIMICHUSI MOTOMY, YTO ITOCTaHOBKA
3371241 ObLIa HEMOJHOW: TPAHUYHBIC YCIIOBUS SBIISIOTCS
00s13aTEILHBIMHU. DTOT BOIIPOC PACCMOTPUM ITO3XKE.



Cucrema ABYX NPYKUH
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BHyTpeHHuUE culibl

llokaorcem, umo peuwiernue 015 cucmemvl U3 08YX NPYHCUH,
20e umeemcs mpu y31a K KOmopbiM NPUTLOHCEHbL BHEUIHUE
cunvl F moorcno ceecmu k npeodvioywemy ciayuaro



3anuilneM ypaBHEHMS IS KaKIOM U3 IBYX
IIPYXKHUH, T.€. /I KAXKJA0I0 KOHEYHOIO 3J1EMEHTA

BepxHuli HHIEKC 03HAYaeT HOMEDP IEMEHTA.
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CyMMHUpPYs IO CTPOKaM,
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I/IB yCJIOBI/IH paBHOBeCI/I}I CUCTCMEI U3 I[ByX pr)KI/IH HNU3BCCTHO
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]=‘L| .fz'l'fz:f'l f = Fj

Taxkum oO6pa3om JJist ABYX 3JEMEHTOB (TPH Y3JIOB) Mbl UMEEM
MaTpHIly )KECTKOCTH 3%3
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OOmu1uii BUJ ypaBHEHUSI HE U3MEHUIICS

[K]{uj =ik

H

Property

\

Action
Behavior

K: Stiffness matrix
x: Displacement
F: Load

“g,

] tx
F

Kx



PoJib rpanHYHbLIX y@@u@ BTV IH]
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3anpeTuM nepemenieHus B yane Nel: cucrema npykuH 3aKpernyieHa

iy I13-3a rpaHUUHBIX YCIIOBHIA
50 =50 0 0 Fy B ocranbHbBIX y31ax 2,3
-0 125 =5 WU =175 3a1a UM CUJIbI B HBIOTOHAX
0 =75 175 Us 75 Had

75H, ’)K€CTKOCTh B HBIOTOH Ha
cantumetp (50u/cM u 75H0/cMm)



N3-3a 3arnpera Ha cmenenue Ha y3ie 1, cuna Fl
CTAaHOBUTCS HEU3BECTHOU. DOPMAJILHO U3 MIEPBOTO
aJareOpanyecKoro ypaBHEHUs CJIEIYET, YTO

~50U, = F,

BTopoe u TpeTbe ypaBHEHUS TEINEPh UMEIOT PEIIEHUS

125 ;51 val |75
~75 75 Us | |75

U,=3 U;=4



3amMe€uyaHue O TEPMHUHOJIOTHH.

B CTPYKTYpHO-MEXaHUYECKOM aAHAJM3E
Marpuia xectkocTu [ K| comepxuT cBeaeHus o
r€OMETPUUYECKUX U (PU3NUECCKHUX CBOMCTBaX 00BEKTA
OTIPEAEIISIONINX COIPOTUBIICHUE JJIEMEHTA K
nedopmalym Ipu Harpyske. Takas aedopmarims
MOXET BKJIFOYaTh OCEBBIE PACTSKEHUS, U3THO, CABUT 1
Kpy4Y€HHE.

J1J11 KOHEUHBIX DJIEMEHTOB, MCIOJIb3yeMBbIX JAJIS
HECTPYKTYPHBIX aHAJIU30B, HAIIPUMEDP aHAJIM3E
ITOTOKA KUJIKOCTH U IIEPEAAYN TEILIA TAKKE
MCIIOJIL3YETCS TEPMHUH «MATPUILLA KECTKOCTI,
ITOCKOJIbKY MAaTpHUlla MPEACTABISAET COMIPOTUBIICHUE
3JIEMEHTA U3MEHEHHUSM BBI3BAHHBIMH BHECITHUMH
BO3ECUCTBUAM.



MKO wurpoko ncnonb3yeTcsa Anga peleHna 3agady MexaHnkn geopmmpyemoro
TBEPAOro Tena, TennoobMeHa, rmapoanHaMUKN N ANEKTPOONHAMUKNA.

[K]{uj ={F} mPp {u}=[K]" {F}
S \ \

Behavior

Action Unknown

Property [K] Behavior {u} Action {F}
Elastic stiffness { displacement \ force
Thermal conductivity temperature heat source
Fluid viscosity \ velocity l body force
Electrostatic dialectric permittivity %16(3131'1‘\3 potentiay charge
[K]- «MaTpuua \/
XEeCTKOCTU»

30€eCb U — BEKTOP-CTOS0eL, HEN3BECTHbLIX NMOCTOSIHHLIX (B NUTepaType no
METOAY KOHEYHbIX 3JIEMEHTOB NX NPUHATO Ha3blBaTb CTENEHAMU CBOOOAbI;
B aHrnosisbidHoM — degree of freedom unu DOF); F — BekTOp, Ha3blBaeMbIu
BEKTOPOM Harpysok; matpuua K, ceasbiBaloLlast Harpy3km F n nepemMmeLLeHuns
(xapakTepunsyemMble BEKTOPOM U ), Ha3bIBAETCHA MaTPULEN XKECTKOCTU
(stiffness matrix).



1. IlloHsiTHE 0 KOHEYHO-3JIEMEHTHOM aHAJIM3E.
2. Pu3ukKko-MareMaru4yeckue ocHoBbl Mertoaa
Koneunbix aemenToB (MKD). Marpuunoe
npeacrasjeHue. Illpyxkuna. Cucrema aByx

NnpykuH. | paHnyHbIC YCI0BUS.

3. IIpenmyniecTBa KOHEYHO-3JIEMEHTHOIO
AHAJIN3A. DJIEeMEHTAPHbIE MOJEJIH.
3amMedyaHus o BbIOOpe GU3HYECKON MOIEJIH.

4. HeqocTaTKy U MOrPeIIHOCTH METO/A.
O1eHKa TOYHOCTH PacyeToB.



3. MpenmviuecTBa KOHEYHO-3NIeMEeHTHOro aHanu3sa.
3.0 OCHOBHbIM 4OCTOMHCTBOM €ro AABfISeTCA BO3MOXHOCTb peLleHns
3agad anga oonactu nodoun bopmbl, B TO BpeMs Kak aHarnuTn4yecKme
pelweHnsa MOryT ObITb NONy4YeHbl TONLKO ANA 3a4a4y ¢ 4OCTaTOYHO
npocTou reometTpuen (1 cousmnkon).

3.1 MpocToTta anroputma MKD.
IT IS Very aifmricuit to makke une aigepraic equauons 101 une entre aomain

:> Divide the domain into a number of small, simple elements

|:> A field quantity is interpolated by a polynomial over an element

|:> Adjacent elements share the DOF at connecting nodes

He3aBucumble «HanpasJseHna», nepemMeHHble, XapakTepusyrouwmne cCoCTtoaHnA
cuctembl ctenenm ceoboabl DOF: B y3/1axX Ha 3Ha4eHNA 3TUX NepeMeHHbIX BJITUAKOT
TOJIbKO CMEeXHbl€ 3J1IEMEHTDI.



NMony4yaem anrebpanyeckue ypaBHeHUs ons

Ka)XX[oro anemMeHTa (npumep NpPyXuHbl).
Obtain the algebraic equations for each element (this is easy!)

:> Put all the element equations together

[K*]{u®} = {F} [K*]{u®} = {F"} [K*]{u®} = {F*}

o0 O 0

[It""]{ﬂb} {F*} [K*]{u®} ={F*} [K*]{u®} = {F*}

[KEJuB = {FF}  [KFl@u®}={F%} [K*]{u®} = {F*}

0 oy I

<

[K]{uj = {Fj

O4yeBMOHO, B y3nax Ha 3Ha4yeHusi nepeMeHHbIX {UF} BNUSAT TONbKO
pPeLIeHNsI B CMEXHbIX 3rieMeHTax.



NMMpocToTa peweHusa anroputma

Solve the equations, obtaining unknown variabless at nodes.

[K]{uj =k} {u} =[K] " {F}

TaK KaK KaXXabl N3 3NeMeHTOB CBSA3aH C OrpaHNYeHHbIM
KONMMYECTBOM COCEAHUX, CUCTEMA JIMHENHbIX
anrebpanyecknx ypaBHEHUN MMEET pa3peXEHHbIN BUA,
YTO CYLLUECTBEHHO YMNPOLLAET €€ peLUEHUE.



[Tpouecc KOHEeUHO-
aNeMeHTHOro aHanusa
Finite element analysis
(FEA)

KoHeuHbIe 3riemeHmbl
afieMeHmapHkle
mooeriu (0bbekmabl)

h

MartemaTuyeckana Moaenb
3ajaeTcH
AnchchepeHynansHeIMK
YpaBHEeHWAMN C
npeAnonoXKeHUemM o:
MeomeTpun;

KuHemaruke; <3
CeoicTBax 1 3aKoHax cpeabl;
Harpyzskax;

[paHWYHbIX YCNOBUAX U T A4,

8-

Puanyeckan 3agava -~ | Y3mennTb

chrusnyeckyo
3agaqy

Y yqwinTb
MaTemMaTUYeCKylo ﬁ
MOAenNb

KoHeuHo-3nemeHTHOE
peleHe MaTemMaTnyecKou
rMogenu. PelleHne MoxXHoO
OCYLWEeCTEBNATE NAKETOM
nporpamm Tuna ANSY S

KoHeyHo-3anemeHTHOE pelleHne
conpoBoxaaeTcH Bolibopom:
KoHeYHbIX 3NemMeHTOoB; <:|
[MNoTHOCTW CeTKMK;
MapameTpoB peleHus.
MpeacTaBneHne: HanpPAXKEeHNA,

nepemMeLleHiA n 7.4,

MepeonpeaennTtb
ceTKy, NapameTpbl
peleHns

OHEHHE TOYHOCTH KOHEeYHO-3NEeMEHTHOID

peleHUA MaTemMaTuyecKon MOOEeNn

-

WHTepnpeTayua pesynbTaTos |

YCDEEPLIJEHCTEDEETI:
aHanuz:

| ! PaspaboTatb ynydweHns
CTpyKTypHas onTUMH3aLua




3.2. KoHe4HblIe arieMeHMbI npedcmassisilom 3JieMeHmapHblie Mooesiu
(06BeKmbI) unu cmpyKmypHbie 3JieMeHmbI ¢ 3a0aHHbIMU ceolicmeamu

Banka (beam) oanH 13 0BbIYHbLIX CTPYKTYPHbIX 9N1EMEHTOB.
MHorme nHxeHepHble KOHCTPYKLUUM MOTYyT MOAENUpPoBaTLCS
bankon. Hanpnmep KoHconbHOM Bankowu.

P

Cantilever beam.

Kpblno camorera
MOOENNPYETCS Kak
KOHComnbHaga 6anka, a
aBuratenb Kak Todka.

Airplane wing modeled as beam



Structural Point

Structural Mass

MASS521
1 node 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, RCTZ

Structural 2D Line

-

2 nodes 2D space
DOF: UX, UY

Structural 2D Beam

Elastic Beam

-

BEAM3
2 nodes 2D space
DOF: UX, UY, ROTZ

Structural 2D Beam

Plastic Beam

—

BEAM23
2 nodes 2D space
DCF: UX, UY, ROTZ

| I | I
] | I |
I Structural 2D Beam Structural 3D Line Structural 3D Line Structural 3D Line
Offset Tapered Spar Tension-Only Spar Linear Actuator
| Unsymmetric Beam
" —AN—
I
|
BEAMS54 LINKS LINK1O LINK11
2 nodes 2D space N 2 nodes 3D space 2 nodes 3D space Z nodes 3D space
I DOF: UX, UY, ROTZ DOF: UX, Uy, UZ DOF: UX, UY, UZ DOF: UX, UY, UZ
| N I | I :

Structural 3D Beam
El

lastic Beam

o

BEAMA4
2 nodes 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ

Structural 3D Beam

Thin Walled Plastic Beam

e

BEAM24
2 nodes 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ

Structural 3D Beam

. Offset Tapered
! Unsymmetric Beam

-

BEAMA4
2 nodes 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ

Koneunrblie anemenTsl B makere ANSYS: kpblio camoieTa

Structural Pipe

Elastic Straight Pipe

PIPE16
2 nodes 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ




depma (nar. firmus- rnpo4YHbIt) O ANH U3 OBbIYHbIX
CTPYKTYPHbIX 3anemMeHToB. MHOrne nHxxeHepHble KOHCTPYKLNK
MOryT MoAenupoBaTbCca pepmMon.

TepMuH truss (dpepma) yacTto ucnonbadyeTcs ang
onucaHua nodomn cOOPKM ANIEMEHTOB — TaKUX, Kak Mapa
ctponun. WVHXXeHepHbIN CMbICHT: «MfiocKkasi paMma 13
OTAENbHbIX KOHCTPYKTUBHbIX 3N1IEMEHTOB, COEANHEHHbIX

KOHLLaMM B TPEYronbHUKKU, ANnA oxBaTta 60bLIOro
PaCCTOAHNSAY .



CnoxHasg mexaHu4yeckas
Monenb (cuctema) —
B3anMoOencTene
aNeMeHTapHbIX Moadeneun

Cxema HecyLero Ky3oBa -
aBTomMobuns. Ponb anemeHToB
doepMbl UrpatoT NpmMBapPEHHbIE K
obonouke Ky3oBa ycunuTenu u
BbILLUTAMMOBKW Ha HEWN.



Structural Pipe

Elastic Pipe Tee

&

_ PIPE17
4 nodes 30D space
DOF: UX, UY, UZ,
ROTX, ROTY, RCTZ

Structural Pipe Structural Pipe Structural Pipe

Curved Pipe (Elbow)

PIPE18
2 nodes 3D spacs
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ

Plastic Straight Pipe

PIPE20O

2 nodes 3D space
DOF: WX, Uy, UZ,
RQOTX, ROTY, ROTZ

Immersed Pipe

-

PIPESS
2 nodes 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ

Structural Pipe

Plastic Curved Pipe

PIPE6O J

2 nodes 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ

Structural 2D Solid

Triangular Solid

PLANE2

m ° nodes 2D space
DOF: UX, UY

Axisymmetric
Harmeonic Structural Solid

PLANE25
4 nodes 2D space
DOF: UX, Uy, UZ

Structural 2D Solid

Structural Solid

[

PLANEA4?2
4 nodes 2D space
DOF: UX, UY

Structural 2D Solid

Structural Solid

A

PLANES82
8 nodes 2D space
DOF: UX, UY

Structural 2D Solid

Structural 2D Solid

Axisymmetric Harmonic
Structural Solid

PLANESJ
B nodes 2D space
DOF: UX, UY, UZ

Structural Solid
p-Element

PLANE145
8 nodes 2D space
DOF: UX, UY

[TakeT ANSYS maeT COTHM TUTIOB CTPYKTYPHBIX SJIEMEHTOB

Structural 2D Solid

Structural 2D Solid

Trianguiar Solid
p-Element

e

PLANE1 46
4 nodes 2D space
DOF: UX, UY

I !




Combination

Revolute Jaoint

COMBINT
5 nodes 3D space
DOF: UX, Uy, UZ,
ROTX, ROTY, ROTZ

Combination :

I VAP
O AAAANAAALE 1O
S
COMBINGD

2 nodes 3D space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ,
PRES, TEMAP

Spring-Damper

— 1

COMBIN1A
2 nodes 3D space
DOF: UK, UY, UZ,
ROTX, ROTY, ROTZ,
FRES, TEMP

Combination

COMBIN37
4 nodes 30 space
DOF: UX, UY, UZ,
ROTX, ROTY, ROTZ,

Combination

Nonlinear Spring

COMBINI3D
2 nodes 3D space
DOF: Ux, UY, UZ,
ROTX, ROTY, ROTZ,

Sriffness, Mass, or
Damping Matrix

- -

MATRIX 27
2 nodes 3D space
DOF: U, Uy, UZ,
ROTX, ROTY, ROTZ

o
o
o
o

MATRIX 50
20 or 30 space
DOF: Any

PRES, TEAAFP FRES, TEMP
Superelement Infinite Boundary

INFINY
2 nodes 2D space
DOF: AZ, TEMF

Infinite Boundary

INFINAa7T

4 nodes 3D space
DOF; MAG, TEMP

infinite Boundary

INFINT10O
4 nodes 20 space
DnGF: AZ, WOILT, TEMP

Infinite Boundary
oc

INFINT17?
8 nodes 3D space
DOF: MAG, AX, AY, AZ,
VOLT, TEMP

Surface Effect

SURF19
3 nodes 2D space
DOF: UX, UY, TEMP

Surface Effect

SURF22
8 nodes 3D space

DOF: UX, UY, UZ, TEMP

Bapuauuu anemMeHTOB



MpoLecc KOHeUHo-

EU?FEHITHOFO taHaJ'IIMSE.l Pusnveckan zagava -~ | Y3mennTb
|:Ir|¥f element analysis —n cbranyeckyio
3aaaq
( ) MartemaTuyeckana Moaenb anaty
3ajaeTcH
AnchchepeHynansHeIMK
YpaBHEeHWAMN C
npeAnonoXKeHUemM o:
MeomeTpun; ¥YnyuwmTb
KuHemaTtuke; < | MareMaTuyeckylio
CBolicTBax 1 3aKoHax cpeabl; MOAeNb
Harpyzskax;
[paHWYHbIX YCNOBUAX U T A4,
B
KoHeyHo-3anemeHTHOE pelleHne
conpoBoxaaeTcH Bolibopom:
KoHe4Ho-3nemeHTHOS ] KOoHeuYHbIX 3neMeHTOoE; <:| E:f;oggsgﬁg?;zl
pelweHne MaTemMaTui4eCcKkon MnoTHOCTH CeTKN; ELUE,HHH
MOdern. PeweHne moxkHO I'IapaMETpGE peLleHns. P
OCYLIECTBNATE NAKETOM MpeacTaBneHne: HanpPAXKEeHNA,
nporpamm Tuna ANSYS nepemMeLyeHuid 1 T 4.
OuyeHKa TOYHOCTN KOHEYHO-3NEMEHTHOIO
peLeHna MaTemMaTu4ecKkoi Moaenu
YcoBepleHcTBOBaTb
WHTepnpeTayns pes3ynbTaToB |—= aHanmg
CmpyKkmypHasi

onmumu3sauusi u
usuveckass MoO€erib

..

PaspaboTatb ynydweHns
CTpyKTypHas onTUMH3aLua







Physical model vs FEA model
JlamuHar-

IIycTh nBa ClI0s JaMUHATa CKICEHBI MEXIY COOOM.
CtouT JIn paccMaTrpuBaTh TOHKHAM MEPEXOAHBIN CIIOU Kies?

Eciy oHM CKIIEEHBI UI€ATIbHO, UTHOPUPYUTE TIEPEXOIHBIN CIIOM.

1 Ignore the interface

2
2D
Ecnn n3yyaercs caMm NEePEXOIHBIN CJIOK, HACKOJIILKO OH BBIJIEPKUT
Harpy3ku. 1o O4eBUAHO HAJA0 BBOAUTH €TI0 OT/IEIIBHO.

34 )—( Consider the interface

o

2

3

2D



« [oBOps 0 BLIOOpE MaTeMaTU4eCKoM MoaeNn, cnenyet
OTMETUTb, YTO BbIOOP JOIMKEH OCHOBbLIBATLCHA HA TOM,
Kakomn pesyrnbTtaT TpebyeTtca nonyyntb. Hauborsee
20bheKmuUBHOU Ha3bleaemcs makas Mmamemamudeckas
MOOesIb, Komopas 0aem 00CmMOoB8epPHOE pelleHUe
(Harpumep, ¢ npuemmaemou owubkou) ¢ HauMeHbWUMU
3ampamamu epemMeHU U 8bIYUCIUMESIbHbIX
MoWwHocmeudul.

* B T0 XXe Bpems, peweHue ¢ nomouwibto MK3 He daem
uHopmauuu borbwe, YeM 3ari0XKeHO 8 pewaemMou
Mamemamu4yeckou mooesnu. K npumepy, ecnu
n3Ha4vyanbHO B MOAESb HE 3a0XeHbl HENTMHEWHbIE
CBOMCTBa MaTtepuara, BeCcTu cedsl HeNMMHENHO TENO B
npoLecce peLleHns 3agadm He HayHerT.




1. IlloHsiTHE 0 KOHEYHO-3JIEMEHTHOM aHAJIM3E.
2. duzuko-MareMaruyeckue oCHOBbI MeToaa
Koneunbix aemenToB (MKD). Marpuunoe
npeacrasjeHue. Illpyxkuna. Cucrema aByx

NnpykuH. | paHnyHbIC YCI0BUS.

3. IlpenmyniecTBa KOHEYHO-3JIEMEHTHOIO
aHaJIM3a. 3aMeYaHus 0 BbIOoOpe (pu3nyecKou
MO/ CJIN.

4. HepocTaTku U MOIrPEIIHOCTH METOAA.
OneHka TOYHOCTH PacueToB.



Hepnoctatkm meToaa KO.

OCHOBHBIE HETOCTATKH METOIa KOHEYHBIX
JJICMCHTOB.

1. 3aBNUCUMOCTb pPe3ysibTaToB pacyeTa
OT BbINOSTHAEMOIO NOSb30BaTENEM
BblOOpa (NOCTPOEHUS) ceTkmn KO

2.TpyaAHOCTb OLUEHKU TOYHOCTW
nony4yaemblX pe3yrnbraToB

51



o

3asucumocmao pe3yiomamoes pacuema
OM 6bINOJIRAECMO20 nROJIb306ameliém
evioopa (nocmpoenus) cemku K3.
Kaxxgomy pasbuneHuto oTBe4aeT CBOu
Habop B6a3nNCHbIX PYHKLUUIA 1,
COOTBETCTBEHHO, CBOE pPELLEHME.
Hanpumep B 3agade 0 Harpys3kax
byayT cBOU Nonsi nepeMeLLeHUN,
aedopmMaunn N HanpaXXeHun.

P

P

ERVAVANAY
EVZAWAVAY
SN

A
A

AV AVAN

TAVAVANVAENEN
VAN
™,

:

1
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3asucumocmo pe3yyibmamos pacuema Om GolnOJAHACMO20
nonv3oeamesiem evloopa (nocmpoenus) cemku K3

CoBMeCTHOCTb Aepopmaunm TpebyeT HeNPEpPLIBHOCTM NOMA NepeMeLLEHNN B
KOHCTPYKLUUN, YTO HaKnagblBaeT OrpaHU4YeHnsa Ha pasbrueHmne KOHCTPYKLNK Ha
KOHEYHbIEe 3reMeHTbI. Tak Hanpumep, ecnn 6asncHble PYHKLUK U; KYCOYHO-
NUHEWHBbI U YOOBMETBOPAIOT YCIOBUAM

0 j#k  TOANsTOM, 4YTOObI Nosie nepemMeLleHnmn u (X,y) obi1o
) , HenpepbIBHbIM, HEOH6XOOMMO N OOCTATO4YHO, YTOObI
1 j=k cocefiHMe areMeHTbl UMenn coBnagaroLlne BepLUNHbI.

uj(xk:yk) =

Ecnu y3enn o00HO20 3asieMeHma Jie)kum Ha cmopoHe Apy2020, HO He coernadaem ¢ e20
eepuwuHou, 6bazucHasi pyHKuyusi He 6ydem HernpepbI8HOU, HECMOMPS Ha Mo, Ymo
KOHe4YHble 35ieMeHMbI 3arnoJsIHIIom ecro KoHcmpykuyuro 6e3 nycmom. C ¢pusuueckotii

mo4kKu 3peHusn sma cumyauus skeusajleHmHa Hajiu41ur pa3spsieda (mpeu;unm) 6

53
KOHCMpyKuuu.



[lorpeliHoCcT meToaa

nOFpeLLIHOCTI/I MEeTOAa KOHEYHbIX 3J1IEMEHTOB CBA3adHbI C

* owubkamu ouckpemu3sayuu, ABNAOLLMNMUCS
pe3ynbTaToM reoOMeTPUYECKNX Pa3NNYniA rpaHNULIbI
paccmaTpuBaemon obnactu (aetanu) n ee Ko-moaenw;

e owubkamu 6a3ucHou pyHkyuu, obycnoBneHHbLIMN
PA3HOCTbLIO MeXAYy TOYHbIM PELUEHNEM U €r0
npeacTtaBneHneM B BUAE KOMOMHALMM DA3UCHbIX
doyHKUMN 3agaHHOro B1Aa,

e owubKkamMu okpyasieHUsi, CBA3aHHbIMU C KOHEYHOW
AJIMHON pa3psaaHON CETKM KoMnbloTepa 1 60nbLLINM
4YMUCNOM onepalni, BbINONHAEMbIX NPU PELLEeHNX 3aJa4uu
MEeTOOOM KOHEYHbIX 3NTIEMEHTOB

Owunbkn guckpeTmsaumm yMeHbLLAKTCS C YMEHbLUEHNEM
pa3mepa K3, a oumbkun 6asmcHon PpyHKLNN U OLLNOKK
OKPYrneHusa — B obLemM cny4vae, HeT (T.e. He
0bsa3aTesibHO).
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[Tpouecc KOHEeUHO-
aNeMeHTHOro aHanusa
Finite element analysis
(FEA)

h
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AnchchepeHynansHeIMK
YpaBHEeHWAMN C
npeAnonoXKeHUemM o:
MeomeTpun;

KuHemaruke; <3
CeoicTBax 1 3aKoHax cpeabl;
Harpyzskax;

[paHWYHbIX YCNOBUAX U T A4,

8-

Puanyeckan 3agava -~ | Y3mennTb

chrusnyeckyo
3agaqy

Y yqwinTb
MaTemMaTUYeCKylo ﬁ
MOAenNb

KoHeuHo-3nemeHTHOE
peleHe MaTemMaTnyecKou
rMogenu. PelleHne MoxXHoO
OCYLWEeCTEBNATE NAKETOM
nporpamm Tuna ANSY S

KoHeyHo-3anemeHTHOE pelleHne
conpoBoxaaeTcH Bolibopom:
KoHeYHbIX 3NemMeHTOoB; <:|
[MNoTHOCTW CeTKMK;
MapameTpoB peleHus.
MpeacTaBneHne: HanpPAXKEeHNA,
nepemMeLeHiA 1 T4,

MepeonpeaennTtb
ceTKy, NapameTpbl
peleHns

OHEHHE TOYHOCTH KOHEeYHO-3NEeMEHTHOID

peleHUA MaTemMaTuyecKon MOOEeNn

-

WHTepnpeTayua pesynbTaTos |

YCDEEPLIJEHCTEDEETI:
aHanuz:

| ! PaspaboTatb ynydweHns
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O1eHKa TOYHOCTH PE3YIIBTATOB

O6bwul (yHueepcasibHbIU U meopemuy4yecKu
060CHOBaHHbIl) MemoO0 oueHkKu noepewHocmu MK3 Ha
ce200Hs1 omcymcmeyem, a mo4YHoe peuweHue 8
peasibHbIx 3a0a4ax o6bIYHO HeuU38eCMmHo.

Haunny4wmm cnocodbom oLUeHKM KadecTBa BblIOpaHHOW CETKU
MK3 (n mogenun obbekTa B LLlenoM) SIBNigeTca Bepudurkaums
pe3yribTaToB pacyeTa C NOMOLLLIO SKCNePUMEHTanNbHbIX
OAaHHbIX UMM aHanNUTU4eckux peweHnn. OHM He Bcerga
OOCTYMHbI NOMNb30BaTesto UMK He CYLLLEeCTBYIOT.

B nHXXeHepHOW npakTuke NpUMeHATCA Apyrne MeToabl
OLIEHKM KadecTBa. B nx uucne: a) nocrnegoBaTtenbHoe
N3Menb4YeHNe CETKN 1N OLLEHKa CKOPOCTU N3MEHEHUS
BENNYMH; B) OLEHKa «rMagKkoCcTu pe3yibTaToBy.
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BhINoHAETCS HECKOIBKO PaCYeTOB MPU Pa3IUUYHBIX pazdoueHusx oomactu Ha KO, no
pe3yJbTaraM 3THUX PaCUYE€TOB CTPOUTCS 3aBUCUMOCTb PACCUYMTAHHBIX HANIPSKEHUM
(mepemenieHuit, regopmaiiuit) oT pasmepa 3JIeMEHTa, 3aTEM BBITIOITHAETCS SKCTPATIOIAIIAS
Ha CIIy4au pa3mepa dJIEMEHTA, CTPEMSAIIETOCA K HYIIIO.

15000

14500

14000

13500

13000

Max.Von Mises Stress

12500 ¥ |

12000 L
0 1000 2000 3000 4000 S000
Mesh Density (# els/area)

[ bahuK UMeHEeHUSs 3KeUBalrleHMHO20 HarlpsXKeHUsl 8
KOHUeHmMpamope 8 3agucumMocmu om riomH{docmu
cemku e mooersu 57



KoHTponb KayecTBa pac4yeToB

15000

14500

14000

13500

13000

Max.Von Mises Stress

0 1000 2000 3000 4000 5000
Mesh Density (# els/area)

[TocnenoBareIbHOE YMEHBIIICHUE Pa3Mepa AJIEMEHTOB BEIETCS 0 TEX MOop, MOKa
KaKOW-HUOYAb 3HAUUMBIN PE3ybTaT (HApUMEDP, MAKCUMAJIbHOE HAMPSIKEHUE B
ONPECICHHON 30HE) HE COMIETCA K HEKOTOPOMY 3HAYEHHUIO (TO €CTh C KaX01
uTepaluend U3MEHEHUE HANIPSDKEHUS OyJIeT MEHbBIIIE 3aJJaHHOTO JOMYyCKa).
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Ha pucyHke mokazad npumep nojio0HOTOo
= 7 uccleoBaHus. 3a o0pa3zel] B3sTa IIocKas
14500 B e MOJIEJIb KPOHILUTEWHA, 3aKPETIJICHHOIO 3a
E BEPXHUU TOPEI] U HATPYKEHHOTO
JIEUCTBYIOIIEW BHU3 CUJION,
MIPWIOKEHHOM K TPABOMY HUKHEMY
peOpy. 30Ha KOHIIEHTpAIMU HAMPSHKCHUH,
OYEBHUJIHO, OKA3bIBAETCS B CKPYIJICHUH.

I'paduk mokas3pIBaE€T 3aBUCUMOCTD
MAaKCHMaJIbHOTO 3KBUBAJIEHTHOTO
g WA R e co0s | HAIIPSIKEHUS B KOHLIEHTPATOPE OT
Mesh Density (¥ els/area) KOJIMYECTBA KOHEYHBIX JJIEMEHTOB Ha
€IVHUILY TUIOMAAN KPOHIITEWHA.

Max.Von Mises Stress

Kak BUIHO, YBEIIMUYEHUE TJIIOTHOCTH CETKU CHAYAJIA BEJIET K PE3KOMY POCTY MAKCUMAIIBHOTO
HaIPSIKECHUS, OJHAKO MOTOM CKOPOCTh YBEIIMYEHUS CHIIBHO 3aMEJISIETCA U B UTOTE KpUBAs
BBIXOJIUT HA TPAKTUYECKHA TOPU3OHTAIBHYIO «IIOJIKY», TJ€ OOJIBIIIOMY IPUPAIICHUIO
IJIOTHOCTH CETKU COOTBETCTBYET JIMIIIb MAJIOE U3MEHEHNE B MAKCUMAJIbHOM HaIPSIKEHUU.
HavyanbHOM 1 KOHEYHOM TOYKAMH 3TOT0 YYacTKa B JAHHOM CJIy4a€ MOXXHO CUUTATh TOUKH C
m10THOCTHIO 1134 1 4483 snemeHTa HAa eAUMHULLY oA an. [Ipyu n3MeHEeHNH MIIOTHOCTH B
YETHIPE Pa3a 3HAYCHUE AHAITM3UPYEMOTO PE3yJIbTaTa BRIPOCIO TONBKO HA 1,5%.



0) OllEHKA «IJIAJIKOCTH PE3YJIbTAaTOBY.

Ha pucyHKe mokazaHa OTHOCHUTE/IbHAs Pa3HHULA 3HAYeHUN HeoCpeJHEeHHOTO
HAMPSDKEHUS B 0OIIMX Y3/1aX CMEXXHBIX 3JIEMEHTOB. DTH MPOLEHTHI MOTy4YeHbI ITyTeM
Zle/IeHUsI Pa3HULLbI MEeXYy HeOCPeJHeHHBIMU HAIPSDKEHUSIMU Ha OCPeJHEHHOe
3HavyeHHe B y37ie. Ha Gosee Mmekoii ceTke cripaBa pa3HUIA TOPa3Z0 MeHblIle, YeM Ha
rpy0oii cjieBa. DTO TOBOPUT O O0Jiee BBICOKOW TOYHOCTH ITPABOTO pelieHus. Pa3muyne
MPOLIEHTHBIX BETMYMH TAK)Ke IMTOKA3bIBaeT CTENMEeHb MOTEHIIUATbHOM OIIUOKY B
pesynbraTax penieHus. OneHKa OMMOKY MOXKET ObITh BBITIOJTHEHA U C ITIOMOIIBIO IPYTHX
METOZ0B, OJHAKO BC€ OHU TAaK)Xe OCHOBBIBAIOTCS HAa BBIYUC/I€HUU Pa3HULbI 3HAYeHU
XapaKTePHBIX Pe3Y/IbTAaTOB B OOLIUX MEXIY COCeTHUMU 3IeEMEeHTAMU Y3/1ax.
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Finite element analysis
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Ilntepatypa K 3aTON NeKkymmn

« KannyH, A. b. Ansys B pykax nHxeHepa
TekcT npakT. pyk. A. b. KannyH, E. M.
Mopo3sos, M. A. OndepbeBa ; npegucn. A.
C. Waackoro. - N3a. ctep. - M.: URSS :
NTIMBPOKOM, 2014. - 269 c. nn.

« bacos, K. A. ANSYS TekcT cnipas.
nonb3oBatend K. A. bacos. - 2-e nsa.,
ctep. - M.: AMK-Ipecc, 2012. - 639 c. un.



[ononHeHue. [NogrotoBka NCXOOHbIX AaHHbIX
ansa peweHnsa metogom K3

Bonbuwyto yacte BpemeHn MK3O 3aHnmaeT noarotoBka MCXOOHbIX
OaHHbIX, T.e. paboTa ¢ npenpoueccopoM. [nsa noBbILLEHUS
9phEKTUBHOCTN ITON paboThbl ee cneayeTt HauYnHaThL C
niaHMpoBaHUA NoaxXo4da, 3aKo4vatoLerocs B

l. CocTaBneHnn pac4eTHOU CXEMbI, BKINOYaoLWen MUHUManbHO
HeobXoaMMYL0 YaCTb KOHCTPYKUMN;

Il. Beibope tuna (tunoe) K3, koTopble OyayT nCnonb3oBaTbCs B 3adade

1. BbIACHEHUN TOrO, KAKUMU BO3MOXXHOCTAMM aBTOMaTU3aLnUM CO3aaHUSA
CEeTKM pacnonaraeT JaHHbIN NakeT (Hanpumep, cnocobeH nn oH
reHepupoBaTb ceTky KO Ha obnacTsax nobon dopmbl Unun TOSbKO
ornpeneneHHon — Hanpumep, 4-yronbHbIX)

V. BbINONHEHUN 3CKM3a KOHCTPYKLNK C pa3bmneHnem ee Ha obractu Toro
TMNa, KOTopble MOryT BbITb aBTOMaTUYECKM 3aMOSTHEHbI AfIEMEHTaMM
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B obwiem cnyyae B kaxxaom y3rne umeetca 6 creneHen ceoboabl (3
NMVHENHbIX NepeMeLleHns 1 3 NoBopoTa), HO A9 KOHKPETHOM 3aga4n
Kakne-To U3 HNX MOTyT OKa3aTbCA HE HYXKHbI.

Hanpumep, npu pelueHnn 3agaym o 4edopmMmpoBaHUn NMOCKOU pamsl,
Harpy>xeHHon cunamum B CBOEMN NNOCKOCTU, MOXHO Cpa3y OTKa3aTbCs OT
BGa3nCHbIX PYHKLUMIA, ONUCLIBAIOLLMX NEPEMELLEHUA U3 NITOCKOCTUN pambl,
NMOCKOSbKY 3TW MNepeMeLLeHNs paBHbl HYMHO.

YKasaHune, kakme MMeHHO ba3ucHble YHKLUN UCMOSb3YIOTCA B
KOHKPETHOM 3adade, B nporpammax MKO genaetcs ¢ nomoulbo Tuna
anemeHTa. OnncaHue TMNa BKOYaeT TOMNOMOrMo areMeHTa (NNoCKNm
TPeyronbHUK, MNITOCKUN YETbIPEXYTONbHUK, YETLIPEXYTOSTbHUK C
KPUBOSTMHENHbLIMWN CTOPOHAMMN, OObEMHbIN 3NIEMEHT — TETPA3Ap, 6-
[PaHHKK W T.M.).

B kaxxgom nakete MKO cogepxutca 3apaHee 3agaHHbI HAabop TUMNoB
anemMeHToB — bubnmnorteka K3, n3 kotTopon nonb3oBaTtens BblbupaeT
HeobxoaMMbIM eMy ONst AaHHOW 3aga4vn Tvn. cnonb3oBaHWe TUMOB
9NEMEHTOB, onpeadeneHHbIX 3apaHee N BHECEHHbLIX B OMONMUOTEKY
KOHKpeTHoro naketa MK3, TpebyeT akkypaTHOCTWU Npu MoAennMpoBaHUM
KOHCTPYKUUW: MONsi NepEMELLLEHNIN, KOTOPbIE MOTYT ObITb ONUCaHbI C
NOMOLLbIO NTIMHENHBIX KOMOUHaLUUN 6a3NCHbIX OYHKLUNW, OOSMKHbI
YOOBIIETBOPATL YCIOBUSIM COBMECTHOCTU Aeopmanmini 1 HanoXeHHbIM
Ha KOHCTPYKLUIO CBSA3AM



[TogroToBKa UCXOOHbIX AaHHbIX ONS1 peLleHns
meTogom KO

V onpeaeneHnum rpaHNYHbIX YCITOBUIN C Y4ETOM
HaNoXXeHHbIX Ha KOHCTPYKLMIO CBA3EN, BO3MOXXHOCTEWN
KO BbIOpaHHbIX TUMOB, UCKITHOYMB BO3MOXHOCTb
nepemMeLleHnn KOHCTPYKLIMK KaK KeCTKOro Lienoro

VI oueHkn (ecrnm BO3MOXHO) Tpebyembix pazmvepos K3

VII nnaHmpoBaHnsa BapuaHTOB Yyny4lleHUA N OLEHKU
TOYHOCTM MOJSTy4YEeHHOro peLleHnsa. Hanpumep,
npeaycMoTpeTb Tpyao3aTpaTthl HA MNOCTPOEHUE U
n3MeHeHune cetkum KO.
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O630p NYHKTOB OCHOBHOIO MeHI0 Ansys rpadudeckon obonoykm Prep?.

— File — paboTta ¢ hannamu 6a3 gaHHbIX 3aga4, UMeHaMN, ANPEKTOPUSIMMU,
9KCNOPTOM/MMNOPTOM reOMETPUUN, YTEHNEM MOoLENN U3 harna un T.n.;

— Select — paboTa ¢ reomeTpumen, BbIOOP, CKPbITUE ONpeaeneHHbIX
reoMeTpmn4ecknx 0ObEKTOB, a TakKe CO34aHNe KOMMOHEHT U NX 00beanHEHUN;
— List — TabnuyHbIN BbIBOA, CMIMCKA rEOMETPUYECKNX OOBLEKTOB U OOBHLEKTOB
CETKN, BbIBOP M OTODpaxeHne aTpnbyToB reoOMeTpNYECKUX 0OBEKTOB U
0OBbEKTOB CETKN, OTOBpaKeHne Harpy3okK, rpaHNYHbIX YCNOBUN;

— Plot — oToBpakeHne pasnnyHbIX reOMeTPUYECKUX OOBEKTOB U
BbIYNCIIUTENTBHOW CETKN, PpUCOBaHME rpaddMKoB CO3A4aHHbIX OYHKLUNW U T.M.;
— PlotCtrls — HacTponkn pexxnumoB oTobpakeHud, wpudtos, paboTa ¢
aHumMauuen, coxpaHeHmne nsobpaxeHun, Buaeo B pann, paborta c
OTOBpPaXEHNEM CUMMETPUYHbLIX MOCTAHOBOK 3a4ady U T.M.;

— Workplane — onepaunmn ¢ pabo4en NNOCKOCTbIO U CUCTEMaMU KOOPAWHAT,
— Parameters — onepauyun ¢ napameTpamm — TabnuuamMmmn n PyHKUMaMu;

— Macro — co3gaHue 1 BbINOSIHEHME MaKpPOCOB Ha BCTpoeHHOM s3bike APDL,;
— MenuCtrls — HacTponku MeH1o;

— Help — pasgen nomoLuw.

[Tog OCHOBHbIM MEHIO MUMEETCSI TEKCTOBOE Norie AN BBoga koMmaHa. He Bce
komaHAdbl B ANSYS Prep7 peanu3oBaHbl B rpadonyeckom nHtepdgemnce,
NO3TOMY MNpU NOCTAaHOBKE, PELLEHUN U aHanu3e 3agad TpedyeTca BBOAUTb
HEKOTOPbIE KOMaHAbl BPY4YHYIO.



OG30p NYHKTOB MEHIO crieBa OoT pabo4vyeun obnactm nHrepdenca
ANSYS PREP7

Preferences (BbIOOp OCHOBHOIO peLlatoLlero Moayns);
Preprocessor (MeHto NOCTaHOBKM 3ada4un);

NOAMEHIO

Element type (BbiOOp TuUna anemMmeHTa = BbIOOP ypaBHEHUN,
onuncbliBaoLWMX MOAENUPYEMBIN MPOLIECC);

Real constants (3agaHne HEKOTOPbIX XapakTEPUCTUK SNTEMEHTOB,
Hanpumep, N4 ninockoro afieMeHTa 3agaHue ero TomNWwmHbI);
Material properties (Bblbop MmaTepunana n 3agaHuve ero CBOMUCTB);
Sections (3agaHune nonepedHbIX CeYEHUN Ot HEKOTOPbIX
9NeMeHTOB, Hanpumep, ans 6anok);

Modeling (MeHto co3gaHusl, pegakTupoBaHUs reoMeTpun Moaenu);
Meshing (cosgaHune n pegakTupoBaHUE BbIYUCIIUTENBHOW CETKN);
Checking ctrls (MeHo npoBepkn KadecTBa co3gaHHON MOOENN);
Numbering ctrls (pabota c reomeTpunen, CETKOU, CrnsHNe
OLNHAKOBbIX OOBLEKTOB);

Archive model (cosgaHvne apxusa Mogenu);

30eck oriucaHkl He 8ce MeH!to, npucymcemeyrouwue 8 ANSYS, a mornbko me,
Komopble Hauboriee Yyacmo ucrosnb3yrmcs rnpu peweHuu 3adady
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Multi-field set-up (MeHO NOCTaHOBKMN MYNLETUAPU3NYHBIX
3ajad, Hanpumep, CBA3aHHOW ynpyro-ruapoguHamMmyeckoun
3agayn);

Loads (MeHo 3agaHud, pegakTupoBaHUa 1 yoaneHus
Harpy3oK — rpaHUYHbIX U HayarbHbIX YCITOBUN);

Path operations (MeHI0 co3gaHuda, pegakTUpoBaHUSA TaK
Ha3blBaeMbIX MyTEN—MapLUPYyTOB);

Solution (MeHto pelleHns 3agadn);

NOAMEHIO
Analysis type (Bblbop TMNa aHanmsa: cTaunoHapHLIN,
HecTauMoHapHbIN, MOAdanNbHbLIN, rAPMOHNYECKUN,
crneKkTpanbHbIV U T.4.);

Define loads (MeHto 3agaHus, pegakTMpoBaHUs 1 yoaneHus
Harpy3oK — rpaHnUYHbIX N Ha4anbHbIX YCIOBUN);

Load step opts (MeHIO HAaCTPOEK LLUAroB Harpy>XeHus);
Solve (meHto 3anycka pewiarens)

B ANSYS Hekomopbie rnyHKmbI MeHo Oybriupyromcs, rnoamomy Hazpy3Ku MOXXHO
3adaeameb U 8 Preprocessor (Loads) u e Solution (Define loads), umo He
cKka3blgaemcs Ha pesyribmame pacdemos. Takxe rpodybrupoeaH rnyHKm
FLOTRAN Set Up e meHro Preprocessor u 8 meHro Solution.



General postprocessor (obwmn noctrnpoueccop — obpadoTka 1 BbIBOA
pesyrnsraTtoB pacyeTa);

NO4MEHIO

Data and file opts (BbIbop danna c pesynsratamn);

Results summary (BbiBO4 MHGOpPMAaLMK O KOM-Be Llaros/utepaumn B
doanne pesynsraTos);

Read results (4TeHne waros/utepaunn n3 pamnna);

Plot results (oTobpaxeHne npoYnTaHHbIX pe3yrisTaToB: B BUAE
N3o00paxkeHns nons 3Ha4eHN BENUYMHLI LLIBETOM Ha reOMeTpUn Mogenu,
BEKTOPHOIo Nosid 3Ha4yeHn BEKTOPHOU BESTMYUHbLI, Ha4YarbHOW H
N3MEHEHHON reoOMeTPUN MOLENN, NMNHNN TOKa, OTODpaXeHue rpaduka
N3MEHEHUA 3HAYEHUN BbIOpaHHOW BENMMYNHBLI MO CO34aHHOMY NYTU-
MapLUpyTy " T.4.);

List results (BbiBOA pe3ynsTtaTtoB — 3HAYEHUW BENUYUH B BULE CMUCKA);
Results viewer (obono4ka, B KOTOpon 06beanHeHbI OCHOBHbIE CpeacTBa
ana obpaboTku pesynsTaTtoB pacyeTa);

Path operations (MeHto paboThbl C NyTAMU-MapLUpPyTaMu: co3aaHune,
pefakTMpoBaHMe MapLupyTa, NOMELLEHMEe Ha MapLUPYT NEePeEMEHHON U T.4.)
Surface operations (MeH0 paboTbl C NTOBEPXHOCTAMU/CEYEHUAMMN:
CO3[aHuE CeYeHUsl, peaakTupoBaHue, NOMeLLeHNE NePEMEHHON Ha CeYEHNE
N ee oToOpakeHne Ha ceveHnn N T.4.)

Timehistory postprocessor (BblBog 1 06paboTka pe3ynbsraTtoB peLleHus
HeCTauNOHapPHbIX pacyeToB).



